The laser generation of vapor bubbles around plasmonic nanoparticles can be enhanced through the application of an ultrasound field; a technique referred to as photoacoustic cavitation. The combination of light and ultrasound allows for bubble formation at lower laser fluence and peak negative ultrasound pressure than can be achieved using either modality alone. The growth and collapse of these bubbles leads to local mechanical disruption and acoustic emission, and can potentially be used to induce and monitor tissue therapy. Photoacoustic cavitation is investigated for a broad range of ultrasound pressures and nanoparticle concentrations for gold nanorods and nanospheres. The cavitation threshold fluences for both nanoparticle types are found to drastically reduce in the presence of an ultrasound field. The results indicate that photoacoustic cavitation can potentially be produced at depth in biological tissue without exceeding the safety limits for ultrasound or laser radiation at the tissue surface. 
Introduction
Plasmonic nanoparticles are efficient at converting light into heat when excited at the plasmon resonance wavelength, where the optical absorption efficiency is maximized [1] . A variety of medical applications, including both imaging and therapy, have been described which use nanoparticles as nano-heat sources within tissue [2] [3] [4] [5] [6] [7] [8] [9] . In terms of imaging, strong photothermal conversion efficiency translates into efficient generation of acoustic waves through the thermoelastic mechanism, and there has been widespread interest in using plasmonic nanoparticles as contrast agents for photoacoustic imaging [2, 3] . For therapeutic applications, nanoparticle targeted regions of tissue can be selectively heated using continuous wave laser sources, producing hyperthermia and inducing cell death in the targeted region [4, 5] . Alternatively, pulsed lasers can be used to illuminate nanoparticle targeted regions, with the potential advantage that due to the short illumination time the diffusion of heat is limited, thereby localizing the therapeutic effect and limiting collateral tissue damage [6] [7] [8] [9] [10] . There is growing evidence that the mechanism of cell death in the pulsed laser case is not thermal in nature, but rather mechanical and associated with cavitation, i.e. the growth and collapse of nano-and micro-bubbles around illuminated nanoparticles [11] [12] [13] [14] .
Cavitation around laser heated nanoparticles produces a strong and localized mechanical disruption which has been shown to be effective in producing localized cell death in nanoparticle targeted cells [15] [16] [17] . Bubble formation can also produce an enhanced photoacoustic response which can be used to monitor a therapeutic process [18] . In addition, light controlled release of chemicals from nanoparticle-loaded liposomes using nanobubbles has been demonstrated [19] . One of the principle limitations in applications involving nanoparticle targeted photonic cavitation is the high optical fluence required to nucleate and grow the bubble. Bubble formation begins when the superheated liquid surrounding the nanoparticle approaches the spinodal temperature of water (~550 K), and additional optical energy is required for subsequent bubble growth [20] . The cavitation threshold fluence depends on the nanoparticle size and type, as well as the illumination wavelength and pulse width [21, 22] . For gold nanospheres illuminated at a wavelength of 532 nm with a Q-switched laser pulse, cavitation threshold fluences reported in the literature vary in the range from 46 to 2000 mJ/cm 2 [11, 12, [23] [24] [25] [26] , well above the maximum permissible exposure for tissue. The threshold fluences for gold nanorods (~32 mJ/cm 2 ) [22, 26] and nanoshells (4-42 mJ/cm 2 ) [22,27,28] are somewhat lower and these particles have the additional advantage that they can operate in the near-IR region of the spectrum. They are, however, less stable under high optical fluence, and can exhibit permanent bleaching associated with melting induced shape change and fragmentation [29] .
The cavitation threshold fluence can be reduced through nanoparticle aggregation [7, 11, 12, 17, 30, 31] . Closely spaced clumps of nanoparticles exhibit a lower threshold due to overlapping thermal fields and, perhaps, plasmonic coupling between nanoparticles producing enhanced optical absorption at a particular wavelength. Nanoparticle coupling can potentially allow for improved specificity in nanobubble formation, where bubble formation is only achieved in cells with strong accumulation of nanoparticles. The threshold fluence, however, depends strongly on the particular nanoparticle distribution. A second means to decrease the threshold fluence is to reduce the local pressure at the nanoparticle position during the time of illumination using an applied ultrasound field; a process referred to as photoacoustic cavitation [32, 33] . It has been shown that nanospheres subjected to negative pressure, such as (C) 2012 OSA encountered during the rarefaction phase of the applied ultrasound field, have a drastically reduced cavitation threshold fluence. Furthermore, accelerated bubble growth under acoustic tension results in a substantial increase in the maximum bubble size and subsequent collapse energy, thereby enhancing both mechanical bioeffects and the amplitude of acoustic emissions.
Nanoparticle targeted photoacoustic cavitation has been reported using gold nanospheres over a limited applied ultrasound pressure range [32, 33] . Further studies are required to evaluate the suitability of photoacoustic cavitation for potential in-vivo therapeutic applications. In this work, photoacoustic cavitation is investigated for a broad range of ultrasound pressures and nanoparticle concentrations for both gold nanospheres illuminated at 532 nm and gold nanorods illuminated at 724 nm. In the case of nanorods, the fluence at which shape change (permanent bleaching) is initiated is identified and compared to the threshold fluence for cavitation. Finally, the potential for achieving nanoparticle targeted cavitation at depth within biological tissue is discussed.
Experimental methods
A schematic of the experimental set-up is shown in Fig. 1 . Nanoparticles in water suspension were diluted to the desired concentration using ultrapure water (Sigma-Aldrich W4502) and placed in an optically transparent polymer (low-density polyethylene) bag. This bag was then submerged in degassed water in the test tank. Two types of nanoparticles were investigated: 82 nm diameter gold nanospheres (Nanopartz 13-80) with an absorption peak at 542 nm and 25 nm × 81 nm gold nanorods (Nanopartz 30-25-750) with a longitudinal absorption peak at 724 nm.
A high intensity focused ultrasound (HIFU) transducer (Sonic Concepts H101) was used to apply the external ultrasound field. The HIFU transducer had a center frequency of 1.1 MHz, a diameter of 64.0 mm, a focal length of 63.2 mm, and a full-width-half-max (FWHM) focal diameter of 2.1 mm. The transducer was calibrated at 1.0 MHz using a 0.2 mm needle hydrophone (Precision Acoustics). A two-cycle 1.0 MHz tone burst generated by a function generator (Stanford Research Systems DS345) and sent through a power amplifier (ENI 350L) and impedance matching box was used to drive the transducer. Broadband noise characteristic of inertial cavitation activity in the nanoparticle suspension was detected using a passive cavitation detector (PCD) consisting of a 5.0 MHz focused ultrasound transducer (Olympus NDT A309S) with a diameter of 12.7 mm and a focal length of 50.8 mm. The transducer output was sent through a 40 dB preamplifier (Olympus NDT Preamp 5678) and on to a digital oscilloscope (Lecroy LC684DM). This transducer was oriented confocal to the HIFU transducer and at an angle of approximately 45 degrees relative to the HIFU axis, as shown in Fig. 1 . The nanoparticles were illuminated using a Q-switched laser source at a wavelength of either 532 nm (nanospheres) or 724 nm (nanorods) and a pulse width of 7 ns. In the case of 532 nm illumination, the output of the laser (Continuum Surelite I-20) was frequency doubled and directed through an aperture to the test tank. At the position of the nanoparticle suspension, the beam had a top-hat profile with a diameter of 1.23 mm. For 724 nm illumination, the beam was sent to an optical parametric oscillator (OPO; Continuum Surelite OPO Plus) tuned to the appropriate wavelength. The beam was then sent through a microlens array (Thorlabs MLA150-7AR) which served as a homogenizer and on to the sample. The beam profile at the sample, determined through a knife edge measurement, was nearly Gaussian with a diameter (1/e) of 5.40 mm. The laser energy was controlled by a variable attenuator (Newport NRC 935-10) and monitored via an energy meter (Thorlabs PM100 with sensor ES111C).
The optical axis was aligned perpendicular to the HIFU acoustic axis and in the HIFU focal plane, creating an overlap or interaction region between the two fields. The laser was then timed to fire when this interaction region was subjected to negative pressure from the second cycle of the two-cycle HIFU tone burst. A fixed delay between the ultrasound and laser pulse was obtained using a second function generator (Stanford Research Systems DS345) which sent a square pulse serving as a trigger for both the ultrasound and the laser flashlamps. The leading edge of this pulse of length τ 1 triggered the flashlamps while the trailing edge triggered the ultrasound pulse. A digital delay generator (Stanford Research Systems DG535) was then used to open the laser Q-switch and illuminate the sample at a delay τ 2 after the flashlamps were fired. The net result was that the laser was fired at a delay time of τ 2 -τ 1 after the ultrasound, with a timing jitter of less than 2.0 ns. In order to set the correct time delay, both the HIFU and laser fields were aligned to a small spherical target. The scattered HIFU pulse and the photoacoustic signal generated by the target were detected using the PCD. As the photoacoustic signal was generated at the time of laser illumination, it provided a reference point that was compared to the scattered HIFU field to determine the phase of the HIFU tone burst at the target at the time of illumination. The time delay was then adjusted such that the target was under peak negative pressure during the time of illumination. The total delay time was approximately 42.1 μs.
Under a given local pressure, pulsed laser irradiated nanoparticles undergo heating and subsequent vaporization of a thin layer of surrounding fluid, producing a vapor cavity [34, 35] . At a critical size, this vapor cavity will rapidly expand and collapse through a process known as inertial cavitation [36, 37] . The presence of an inertial cavitation event within the lightultrasound region was determined based on the transient acoustic emission signal detected from this region. Cavitation probability was used to describe the likelihood of observing an inertial cavitation event under a given laser fluence, peak negative ultrasound pressure, and nanoparticle concentration. In the absence of such an event, the photoacoustic signal from the interaction region was well below the noise level of the system due to the fact that the nanoparticle concentrations used were quite low and the nanoparticles were not geometrically confined to generate an acoustic response within the bandwidth of the 5 MHz PCD. Moreover, the acoustic scattering cross section of the particles alone was not sufficient to scatter appreciable energy from the incident HIFU pulse (and its harmonics) into the PCD aperture. Inertial cavitation, on the other hand, produced a clear, transient signal that was well above the noise level. An inertial cavitation event was defined as one in which the acoustic signal within a 2.0 µs time window around the expected arrival time exceeded a threshold voltage set at approximately twice the peak noise voltage. The cavitation probability is simply defined as the number of inertial cavitation events detected divided by the total number of laser shots.
Results and discussion
In order to determine the effects of optical fluence and ultrasound pressure on the photoacoustic cavitation threshold of the 82-nm diameter gold nanospheres, the nanoparticle suspension was first diluted to a concentration of 2.2 × 10 8 nanoparticles/ml and placed in the test tank. Typical acoustic signals observed in the presence and absence of inertial cavitation are shown in Fig. 2(a) . The waveforms were taken at a peak negative HIFU pressure of 1.5 MPa and a laser fluence of 4.8 mJ/cm 2 . In the presence of inertial cavitation, there is a strong acoustic arrival at approximately 35 µs after the laser is fired associated with bubble collapse. In addition, arrivals associated with rebound of the bubbles and subsequent collapses are often observed at later times, particularly under high ultrasound pressure amplitudes. In the absence of inertial cavitation, the amplitude of the direct photoacoustic response is below the noise level of the system. Our prior work, using small nanoparticle doped spherical targets, indicated that photoacoustic emission levels are well below signal levels generated by inertial cavitation and the timing of inertial bubble collapse lags the photoacoustic signal by approximately one half of a cycle of the externally applied sound field. This is wholly consistent with the argument that nano-scale vapor cavities induced by particle heating serve as nucleation sites for acoustic cavitation activity. The nanoscale bubbles are made to grow during the rarefaction phase of the ultrasound and collapse inertially during the compression phase, roughly one half cycle later [33] . In the present experiments, the nanoparticles are dispersed in a liquid and the photoacoustic response is not spatially confined, leading to poor photoacoustic generation efficiency over the bandwidth of the detection transducer. However, we see the same sudden onset of strong acoustic emission at a threshold fluence level and attribute this to inertial cavitation. The cavitation probability as a function of laser fluence is given in Fig. 2(b) for ultrasound pressures in the 1.5-3.0 MPa range. Here, 1000 measurements were taken at each laser fluence-ultrasound pressure combination, with a laser repetition rate of 20 Hz.
Referring to Fig. 2(b) , the fluence required to initiate cavitation is quite small and seen to reduce significantly as the peak HIFU rarefaction pressure increases from 1.5 MPa to 3.0 MPa. Defining the cavitation threshold fluence as the fluence at which cavitation events are observed 50% of the time, we see a reduction from 4.6 mJ/cm 2 (1.5 MPa) to 2.5 mJ/cm 2 (3.0 MPa). The threshold observed at 1.5 MPa is in reasonable agreement with that measured by Farny et al. [32] while those measured at higher pressure are lower than had previously been observed. The shape of the probability curves resembles the typical "S-Curves" predicted in (C) 2012 OSA homogeneous nucleation theory [38] , and the solid lines on the plot are fitted to a similar functional form of ( )
where F is the laser fluence and α and γ are used as fitting parameters and are associated with the probability of a nucleation site within the interaction region and the energy barrier to nucleation, respectively. The transition region between the onset of cavitation and cavitation on every laser shot is quite broad and increases with decreasing pressure. At the nanoparticle concentration used, the probability of at least one nanoparticle being in the light-sound interaction region, based on the Poisson distribution, is nearly unity. If all of the particles had identical cavitation thresholds, a sharper transition region governed primarily by spatial and temporal fluctuations in the laser source might be expected. We believe that the broad transition region may be associated with the size distribution of the nanoparticles. The absorption cross section of the nanoparticles is a function of nanoparticle size and thus the temperature rise is also size dependent. A small concentration of larger particles, with a lower cavitation threshold, will have a smaller probability of being in the interaction region at a given time. Referring to the population of nanoparticles that undergo cavitation at a given fluence and pressure as "active nanoparticles," the results indicate that only a fraction of the nanoparticles in suspension are active through the transition region. Note that a cavitation probability of unity does not mean that all of the nanoparticles in the interaction region produce bubbles on every shot, but rather that at least one nanoparticle in this region does. The analysis of the particular form of the probability curves is further complicated by nonuniform pressure-light distribution within the interaction region. The results of similar experiments performed on nanorods at a concentration of 5.7 × 10 8 particles/ml are shown in Fig. 3 for ultrasound peak negative pressures of 1.8 MPa (Fig. 3(a) ) and 2.5 MPa (Fig. 3(b) ). The open circles show the measured probability curve in unmixed nanorod suspension at a laser repetition rate of 20 Hz. The solid circles show measurements made at the laser repetition rate of 1 Hz and with a magnetic mixer added to the suspension to facilitate rapid replenishment of the nanoparticle suspension in the interaction region between measurements. Under both ultrasound pressures, the two curves are similar up to a laser fluence of approximately 2.0 mJ/cm 2 . Beyond this point, the probability curve measured in the unmixed suspension becomes erratic and does not reach 100% probability in the fluence range shown, while the mixed suspension shows the same general behavior as the nanospheres. We believe that the divergence in these curves is due to permanent bleaching of the nanorods in the interaction region leading to depletion of at least some of the nanorods. The observed damage threshold is lower than the 5 mJ/cm 2 found for 10 nm × 41 nm gold nanorods using transmission measurements [29] . However, this discrepancy may be caused by the different size and aspect ratio of the nanorods. It may also be associated with the measurement approach, where the cavitation measurements may indicate depletion of a small population of nanorods with favorable characteristics (shape and orientation) for cavitation.
The nanorods probability curves for mixed suspensions over the pressure range from 1.8 to 3.0 MPa are shown in Fig. 4(a) . The curves show the same general features as the nanospheres, with the notable exception of lower threshold fluences which decrease from 2.3 mJ/cm 2 at a pressure of 1.8 MPa to 1.3 mJ/cm 2 at a pressure of 3.0 MPa. The cavitation thresholds for nanorods and nanospheres are compared in Fig. 4(b) . The vertical line shows the maximum ultrasound exposure specified for diagnostic ultrasound equipment, at a mechanical index (MI) of 1.9 [39] . The horizontal line shows the damage threshold measured for the nanorods. At the maximum MI, we find a nanosphere cavitation threshold of approximately 4.0 mJ/cm 2 and a nanorod cavitation threshold of approximately 2.3 mJ/cm 2 . The nanorod threshold fluence is lower than any previously reported for any type of nanoparticle in water in the absence of an applied ultrasound field. In terms of the nanorod damage threshold, it is seen that the cavitation threshold near the MI is above the damage threshold. However, it is still possible to achieve cavitation in below the damage threshold as indicated in Fig. 3 , albeit with a reduced probability of approximately 18%. Typical acoustic signals generated during nanorod cavitation events are shown in Fig. 5(a) for laser fluences of 1.3 mJ/cm 2 , 4.1 mJ/cm 2 , and 13.0 mJ/cm 2 and for a peak negative pressure of 1.8 MPa. The peak-to-peak amplitude of the acoustic signals as a function of laser fluence is shown in Fig. 5(b) . As the laser fluence is increased, the amplitude of the acoustic emission increases. This effect is most likely due to an increase in the number of nanoparticles within the interaction region that produce bubbles. In addition, the shape of the acoustic signal broadens and at higher fluence acoustic arrivals associated with bubble rebound events are observed. This is consistent with an increase in the volume of liquid within which the pressure/fluence combination is sufficient to produce cavitation events. We also find that the amplitudes appear to saturate in the 11-14 mJ/cm 2 range. While the reason for this is not well understood, it may be associated with a saturation of the number of nucleation sites (nanorods) within the interaction volume. The ultrasound pressure decreases rapidly outside of the focal region essentially limiting the volume of liquid within which the critical conditions (fluence and pressure) are satisfied. We note that even at the smallest laser fluence, the inertial collapse of bubbles produces an exceptionally strong photoacoustic signal which can potentially be used to monitor a therapeutic process.
Cavitation probability as a function of nanoparticle concentration was also explored. The results for nanospheres at several different fluences and peak negative pressures of 2.0 and 3.0 MPa are shown in Figs. 6(a) and 6(b) respectively. As the concentration is reduced, there is a lower probability of a nanoparticle in the interaction region. The probability that at least one nanoparticle is in the interaction region is given by ( )
where ρ is the nanoparticle concentration and V is the effective volume of the interaction region. The curves in Fig. 6 have been fitted with this expression using V as a free parameter. The effective volume was found to increase as ultrasound pressure and laser fluence increase. Furthermore, the effective volume found based on the curve fits is 20-100 times smaller than the estimated interaction volume, based on the full-width at half maximum (FWHM) of the optical and ultrasound beams, of approximately 1.0 mm 3 . This provides further evidence that there is a relatively wide distribution of cavitation thresholds within the nanoparticle population; potentially due to size dispersion. Returning to the concept of active nanoparticles at a given laser fluence-ultrasound pressure combination, this result indicates that only a fraction (~1/20-1/100) are active under these conditions. As either the fluence or pressure is increased, the population of active nanoparticles also increases. The inset in Fig. 6(b) shows a zoomed in region of the probability curve. It is possible to excite, and detect, cavitation events in extremely dilute nanoparticle concentrations. Nanosphere concentrations as small as 10 nanoparticles/mm 3 produce a detectable change in the cavitation probability. Figure 7 shows the cavitation probability as a function of concentration for nanorods. Here, a single optical fluence is selected which is just below the nanorod damage threshold, and measurements are taken under a relatively high peak negative pressure of 3.0 MPa. The curve shows a marked difference from the nanosphere curve in that the number of nanoparticles required for a given cavitation probability is about 3 orders of magnitude higher. This is in part due to the fact that the fluence used is closer to the threshold fluence in the nanorod case, thus potentially leading to a lower population of active particles, but it is also associated with the orientation dependence of the optical absorption. Random orientation of the particles with respect to the incident linearly polarized light leads to a broad distribution in optical absorption efficiency and threshold fluence for cavitation.
We now consider the potential for using photoacoustic cavitation to produce targeted bubble formation at depth in soft biological tissue. Here we limit the discussion to ultrasound pressures not exceeding the maximum MI for tissue. However, operation above the MI limit can potentially be used to create nanoparticle targeted bubbles for enhanced local heating in HIFU therapy. The fluence threshold for nanospheres and nanorods at the MI limit are 4.0 mJ/cm 2 and 2.3 mJ/cm 2 , respectively. The maximum permissible exposure (MPE) at 532 nm is 20.0 mJ/cm 2 and that at 724 nm is 22.3 mJ/cm 2 [40] . Taking breast tissue as an example [41] , the effective attenuation is approximately 7.8 cm −1 at 532 nm and 1.2 cm −1 at 724 nm. This yields a maximum depth at which photoacoustic cavitation can be achieved of 0.2 cm in the case of nanospheres and 1.9 cm in the case of nanorods. This can potentially be increased through optimization of nanoparticle type and shape. Promising candidates in this regard include gold nanoshells and gold coated nanorods [22,26-28], both of which exhibit lower optical cavitation thresholds than nanorods in the absence of an ultrasound field. Fig. 7 . Cavitation probability as a function of nanoparticle concentration around gold nanorods at a peak negative pressure of 3.0 MPa and a fluence of 1.8 mJ/cm 2 . Solid line is fitted using Eq. (2).
Conclusions
The nanoparticle-mediated interaction of light and sound can potentially be used to produce cavitation within biological tissue at laser fluences that are significantly lower than can be achieved using light alone. A detailed ex vivo experimental study has been performed on photoacoustic cavitation generated by simultaneously exposing gold nanorods and nanospheres to laser light and focused ultrasound. The results demonstrate the significant impact of the applied ultrasound field on the nucleation and amplification of the cavitation process. For both nanorods and nanospheres in diagnostically relevant acoustic fields, the measured cavitation threshold fluence is well below the MPE for tissue. The likelihood that a given nanoparticle will nucleate a cavitation event increases with both fluence and peak negative acoustic pressure amplitude, and is not the same for all particles. This latter effect can be attributed to size dispersion in the case of nanospheres, with the larger particles absorbing more optical energy and thus having lower threshold fluences. In the case of nanorods, both size dispersion and nanoparticle orientation may lead to threshold fluence variations. Results indicate that even with relatively low nanoparticle concentrations, cavitation bubbles can be produced around these nanoparticles and that the collapse of said bubbles results in a local mechanical disruption and associated strong acoustic emission. These effects can be achieved at well below the MPE for tissue and MI limit for diagnostic ultrasound, making the approach attractive for both inducing and monitoring nanoparticlemediated tissue therapy.
